[CANCER RESEARCH 43, 1223-1229, March 1983J 
0008-54 72/83/0043-0000$02.00 


Comparative Carcinogenicity in A/J Mice and Metabolism by Cultured Mouse 
Peripheral Lung of A/'-Nitrosonornicotine, 4-(Methylnitrosamino)-1- 
(3-pyridyl)-1-butanone, and Their Analogues 1 

Andre Castonguay , 2 Dorothy Lin, Gary D. Stoner, Patti Radok, Keizo Furuya, Stephen S. Hecht, 

Herman A. J. Schut, and James E. Klaunig 

Naylor Dana Institute for Disease Prevention, American Health Foundation, Valhalla, New York 10595IA. C„ 0. L, P. ft., K. F.. S. S. ti l and 
Department of Pathology. Medical College of Ohio, Toledo. Ohio 43614[G. D. S , H. a, J, S.. J. E. K.) 


ABSTRACT 

The tumorigenic activities in A/J mouse lung of the tobacco- 
specific nitrosamines A/'-nitrosonomicotine (NNN), 4-(methyl- 
nitrosaminoM-<3-pyridyi)-1-butanone (NNK), and their metab¬ 
olites retaining the nitroso group were studied, and the metab¬ 
olism of NNN and NNK in cultured mouse peripheral lung was 
investigated. A total dose of 0.12 mmol of each NNN metabolite 
was given in 22 i.p. injections to each A/J mouse. Thirty weeks 
after the last injections, the number of lung tumors per animal 
induced was NNN, 1.2: 3'-hydroxy-A/'-nitrosonornicotine, 0.9; 
4'-hydroxy-N'-nitrosonornicotine, 1.6; and A/'-nitrosonornic- 
otine-1-Af-oxide, 0.8. [2',5',5'-frafeufero]-A/'-Nitrosonornic- 
otine, an a-trideutero analogue of NNN, induced 1.5 lung 
tumors/animal. In cultured mouse peripheral lung, the major 
metabolic pathways of [2'- M C]NNN were 2'- and 5‘-carbon 
hydroxylation. Pyridine N-oxidation and A/-denitrosation were 
also observed to a minor extent. These results Indicate that 3’- 
hydroxylation. 4'-hydroxylation. and A/-oxidation are not in¬ 
volved in the metabolic activation of NNN in A/J mouse lung. 
A total dose of 0.10 mmol of NNK induced 37.6 lung tumors/ 
animal. Two of its metabolites, 4-(methylnitrosamino)-'l-(3-pyr- 
idyl)butan-l-ol (NNAI; 26.3 tumors/animal) and 4-(methylnitro- 
samino>-l-<3-pyridyl-A/-oxideM -butanone, 3.6,tumors/animal, 
were less potent than was NNK. A few nasal cavity and liver 
tumors were aiso observed in the NNK- and NNAI-treated 
groups. In cultured peripheral lung, [1-’*C]NNK was rapidly 
converted to [1-’*C]NNAI, and both of these nitrosamines were 
metabolized by a-carbon hydroxylation. Radioautography of 
explants treated with [2'- ,4 C]NNN or [1 -’*C]NNK showed higher 
labeling of the bronchi than of the parenchyma. The results of 
this study indicate that NNN and NNK can be metabolized by 
a-carbon hydroxylation in A/J mouse lung where most tumors 
are observed. 

INTRODUCTION 

The levels of NNN 3 and NNK in mainstream and sidestream 
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smoke range between 0.1 and 10/jg/cigarette <21,22). These 

2 nitrosamines are present in |iig amounts in chewing tobacco, 
and as much as 125 ng of NNN and 201 ng of NNK were 
detected in 1 g of saliva of snuff-dipping women (20). As a 
result of tobacco smoking, NNN and NNK are among the most 
ubiquitous procarcinogens detected in the human environment. 
The fact that a large proportion of the population is still .using 
tobacco in its various forms has encouraged us to study the 
analysis, formation, and biological properties of NNN and NNK. 

NNN and NNK are carcinogenic in mice, rats, and hamsters. 
The main target organs of NNN are the esophagus and the 
nasal mucosa in rats and nasal mucosa and trachea in Syrian 
golden hamsters. In F344 rats, NNK produces tumors of the 
nasal mucosa, lung, and liver. In terms of relative potency, 
animal studies indicate that NNK is a mere potent carcinogen 
than is NNN (3, 12, 14, 19, 23,24,35,43). Metabolism studies 
of NNN and NNK have provided evidence that they are acti¬ 
vated by a-carbon hydroxylation. This process generates un¬ 
stable diazohydroxide intermediates which react with H 2 0 in 
vivo to give hydroxy acid and keto acid metabolites <8, 18). 
However, at least 3 urinary metabolites of NNN retain the 
nitroso group. These are NNN-1-N-oxide {Chart 1, Structure 
1), formed by pyridine W-oxidation; and 3'-hydroxy-NNN (Chart 
1. Structure 3) and 4'-hydroxy-NNN (Chart 1. Structure 4), 
which are products of ^-hydroxylation (13). The role of these 

3 metabolites in the carcinogenicity of NNN has not been 
assessed previously. With regard to NNK, carbonyl reduction 
is a major metabolic process that yields NNAI (Chart 2), and 
pyridine A/-oxidation gives NNK-N-oxide (Chart 2, Structure 
17) (18). Whether NNAI or NNK-N-oxide (Chart 2, Structure 
17) are deactivation products or intermediates that could be 
further activated to ultimate carcinogens has not been deter¬ 
mined previously. 

In the present report, the carcinogenicity study of NNN and 
NNK is extended to their metabolites and to NNN deuterated in 
the positions a to the W-nitroso group. Their abilities to induce 
lung adenomas and carcinomas in A/J mice were compared. 
Although the mouse lung adenoma assay has been used ex¬ 
tensively to identify potential carcinogens, little is known about 
the activation of procarcinogens to ultimate carcinogens by 
mouse lung (42). In the present investigation, we have therefore 
exposed cultured mouse peripheral lung to NNN, deuterated 
NNN, NNK, and NNAI in order to study their metabolism in the 


ot; HPLC, high-performance liquid chromatography; [2'-D]NNN, [2'-deutero}-N'- 
nitrosonornicotine; [S'.S'-OINNN, [S'.S'-cfrctei/terol-A/'-nitrasonornlcotine; 
[2',5' r 5'-£)]NNN. [S'.S'.S'-trrdeuterol-fV'-nitrosonornicotine: SOS. sodium dodecyl 
sulfate. 
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Chart T. Metabolic transformations of 
NNN. Structures in ijracKete, hypothetical in¬ 
termediates. 



Chart 2. Metabolic transformations of NNK 
and NNAL Structures inbracfrefs, hypothetical 
intermediates. 
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target organ and to determine the ability of mouse lung to 
activate tobacco-specific nitrosamines. 

MATERIALS AND METHODS 

Chemicals. Syntheses of NNN, NNK, and their metabolites have 
been described previously 05, 18). NNAI-N-oxide was prepared by 
treatment of NNAI with m-chloroperbenzoic acid.' (Z'-''C1NNN (18.4 
mCi/mmol) was obtained from New England Nuclear (Boston. Mass.) 
and purified as described previously (23). [1-’‘C]NNK (4.2 mCi/mmol) 
was prepared from [carboxyl- 'CJricotinic acid (California Bionuclear 
Carp., Sun Valley, Calif.) and purified (>99%) by thin-layer chromatog- 


* A, Castonguay, G. Stonar. H. A. J. Schut. ana S. S. Hacht, manuscript in 
preparation. 


raohy on silica gel. [f-''CJNNAI was obtained by reduction of 
NNK with a methanolic solution of sodium borohydride and was purified 
(99.8%) by reverse-phase HPLC.* The syntheses of [2'-D]NNN. [5'.5‘- 
D]NNN, and [2',5\5'-D]NNN have been published (7). 

Trioclanoin was purchased from Eastman Kodak Co. (Rochester. 
N. Y.) and was redistilled before use; 0.9% NaCI solution was obtained 
from All State Supply Co. (Elizabeth, N. J.); ethyl carbamate was 
furnished by Aldrich Chemical Co. (Milwaukee, Wis.). 

Bioassays for Carcinogenicity. Female A/J mice (6 to 8 weeks old) 
were obtained from Charles River Breeding Laboratories. Inc. (Kings¬ 
ton, N. Y.) and housed in groups of 5 in solid-bottomed polycarbonate 
cages with hardwood bedding. The animals were kept at 20 ± 2“ 
(S.D.) and at 50 ± 10% relative humidity with a 12-hr tight-dark cyole. 


5 A. Castonguay, and S. 3. Hacht. manuscript in preparation. 
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They were given Purina laboratory chow and water ad libitum. The 
mice were tested for viral infection, endo- and ectoparasites, blood 
parasites, dermatophytes, Mycoplasma, and respiratory bacteria at the 
onset of the experiment. 

For the bioassays, the mice were randomly sorted into groups ot 25, 
Three times/week (or 7.3 weeks, the mice received i.p. injections of 
the test compounds dissolved either in q. 9% NaCI solution (0.2 ml/ 
injection) or suspended in trioctanoin (0.1 mi/injection). Vehicle control 
groups received either 0.9% NaCI solution or trioctanoin only. The 
positive control group received 22 i.p. injections o( ethyl carbamate. 
Total doses are given in Table 1. The negative control consisted of 
untreated mice which were harvested along with the treated animals to 
determine the 'spontaneous'' occurrence of lung tumors during the 
bioassay. 

Thirty weeks after the last injections of either the test or the control 
compounds, the animals were sacrificed by C0 5 asphyxiation. At the 
time of autopsy, the surface lung tumors were counted by gross 
observation. The lungs and other major organs were fixed in 10% 
buffered formalin for histological evaluation. Lung lesions with the 
histological features of marked atypia and invasiveness into the bronchi 
or bronchioles or into blood vessels were classified as carcinomas. 

Explant Culture. Male A/J mice (4 to 6 weeks old) were sacrificed 
by cervical dislocation, and their lungs were removed and placed in L- 
15 tissue culture medium (Grand island Biological Co., Grand Island, 
N. Y.) (28) for transport to the laboratory. Under aseptic conditions, 
the peripheral lungs were cut into pieces of approximately 2 sq mm, 
and the pieces were placed onto the etched surface of 60-mm plastic 
tissue culture dishes (15 to 20 pieces/dish) (44)>Each dish contained 
explants from an Individual mouse. To each dish were added 2 ml of 
PFMR-4 medium (27) supplemented with crystalline bovine insulin (1 
jig/mi), hydrocortisone hemrsuccinate (0.1 jug/ml), /2-retinyl acetate 
(0.1 /JQ/ml), gentamicin (25 ftg/ml), and amphotericin B (2.5 fig/ml). 
The cultures were maintained in an airtight chamber at 36.5° in an 
atmosphere ot 50% 0 2 :47% N 2 :3% C0 3 at a pressure of 3 psi (2). The 


chamber was placed on a rocker platform (Belfco Glass Co., Vineland. 
N. J.) and rocked in the dark at approximately 10 cycles/min so that 
the (issues were alternately exposed to the medium and to the atmo¬ 
sphere. 

Alter 2 hr of Incubation, the medium was removed and replaced with 
fresh medium containing either [2'- , '*C]NNIM (1 jiCi/ml), [1-‘"C]NNK (1 
jiCi/ml), or[1-"*C|NNAI(l pCi/ml). Controls consisted of tissues heated 
in boiling water for 30 min prior to the addition of radiolabeled nitros- 
amines. Incubations of medium with radiolabeled nrtrosamines but 
without the tissues served as medium controls. After incubation for 24 
hr. the media were collected and stored immediately at -20° for 
subsequent analysis ot metabolites by HPLC. The tissues were rinsed 
twice with cold phosphate-buffered saline (9.5 mM phosphate:0.14 m 
N aCI:2 mw KCI, pH 7.2) and stored at -20°. The effect of a-deuterium 
substitution was studied by 24-br incubation of lung explants with 5,4 
Mmol/ml ot either L2'-D]NNN, (2',5',5'-01NNN, or [5',5'-D]NNN. 

Radioautography. To.determine the autoradiographic localization of 
the radiolabeled nifrosamines. one piece of lung tissue per experimen¬ 
tal variable was fixed in 3% glutaraidehyde in 0.1 m cacodylale buffer. 
pH 7.4, for 4 hr. The tissues were washed in buffer, postfixed in 1% 
osmium tetroxide, dehydrated in a graded series of ethanol (60 to 
100%). and embedded in Araldite:methacrylate. Ten l-jrrn sections 
were cut from each block and placed on glass slides (one section/ 
slide). One slide was stained with toluidine blue for high-resolution light 
microscopic evaluation ot the tissue. The 9 remaining slides were 
dipped in NTB-2 nuclear tract emulsion (Eastman Kodak Co.) in the 
dark, were then placed in black Sakelite boxes containing Drierite, and 
were incubated at 4°. Alter 2, 4, and 8 weeks, 3 slides were removed, 
and the autoradiograms were developed in 0-19 developer (Eastman 
Kodak Co.) and fixed in Kodak fixer. The sections were then stained 
with toluidine blue and examined and photographed using a Zeiss 
pholomicroscope. 

HPLC Analyses. HPLC analyses were carried out with two 23.9-mm 
x 30-cm C, 0 -nBondapak columns (Waters Associates. Millipore Corp., 


Table t 

Number of A/J mica with different types of tumors after exposure to NNN, NNK. their analogues, ethyi carbamate, or vehicle control 
Female A/J mice (6 to 8 weeks ofd) received i.p. injections of the test compounds 3 times/week for 7.3 weeks. Thirty weeks alter the last 
injection, the animals were sacrificed, and the surface lung tumors were counted. 

No. of mice with lung 

1 P- 


* Total doses (mmol/mouse) were 0.12 for Groups 1 to 4, 0.11 for Groups 5 to 8. and 0.25 for Group 9. Test compounds were dissolved 
in 0,9% NaCt solution for Groups 1 to 6 and 9, and in trioctanoin for Groups 6 to 8, 

b Animals that survived the observation period. 

c Determined by gross observation. Total numbers of lung tumors among various groups were compared, and statistical significance of 
tumor frequencies was determined by Student’s t test. Ratios are: Group 1: Group 9. 0.08 (p < 0.01): Group 1: Group 10. 3 (p < 0.05): 
Group 3: Group 10. 4,5(p< 0.05): Group 5: Group 10. 4 (p<0.0t); Group 6: Group 1,29 (p < 0.0001); Group 6: Groups, 2.5(p < 0.05): 
Group 8: Group 6. 0.1 (p < 0.0001); Group Q; Group 9. 0.25 (p < 0.0006). Tumor frequencies among other groups were not statistically 
different. 

a Determined by histological observation, 

• Mean ± S.D. 

Gastric papilloma. 

g Angioma of adrenal medulla. 
h Leukemia. 

' One with 3 adenomas and 2 carcinomas of the liver; one with squamous cell papilloma of nasal cavity respiratory epithelium. 

1 One with squamous cell papilloma of the nasal cavity respiratory epithelium; one with papilloma of the tongue. 
k Leiomyoma of uterus. 


Group 

no. 

Gom pound* 

tumors /no. of surviving 
mice 5 

Total no. of lung 
tumors 0 

Total no. of lung 
carcinomas^ 

No. ol tumors/sur* 
viving mice 

No. of tumors a 
other organs 

1 

NNN 

16/24 

29 

10 

1.2 ± 1.3 s 

0 . 

2 

3'-Hydroxy-NNN 

12/25 

23 

6 

0.9 ± 1.4 

1 f 

3 

4'-Hydroxy-NNN 

19/25 

41 

13 

1.6 ± 1.5 

0 

4 

NNN-1-N-oxlde 

16/25 

21 

6 

0.8 ± 0.7 

i° 

6 

[2*,5',5'-0]NNN 

20/25 

37 

14 

1.5 ± 1.1 

i rt 

6 

NNK 

23/23 

865 * 

412 

37.6 ±11.8 

6' 

7 

NNAI 

25/25 

658 

243 

26.3 ±11.7 

2' 

a 

NNK-1-N-oxlde 

24/25 

90 

24 

3.6 ± 2.7 

1* 

9 

Ethyl carbamate 

23? 24 

349 

134 

14.5 ± 4.1 

0 

10 

0.9% Nad 
solution 

7/24 

9 

1 

0.4 ± 0.6 

0 

11 

Trioctanoin 

4/25 

5 

0 

0.2 ± 0.5 

0 

12 

Untreated 

10/25 

16 

2 

0.6 ± 0.9 

0 
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Table 2 

Formation of NNN metabolites by cultured mouse peripheral lung 

Fifteen to 20 lung explants <2 sq mm) were cultured in 2 mi of PFMR-4 medium and [2'- ,4 GJNNN (54 nmot/ml) r (i- 14 C]NNK (238 nmol/mi) t or 11* ,4 C|NNAI (230 
nmol/ml). The cultures were maintained at 36.5® for 24 hr. Metabolites were analyzed by reverse-phase HPLC as described in ‘Materials and Methods." 






^Metabolites (nmoi/lOO ng DNA)” 1 ’ 

arVt 



1 

nitrosa- 

mine Structure 1 

Structure 

6 

Structure 

10 

Structure 

13 

Structure 

14 Structure 15 

Structure 17 

V# 
Structure 18 

NNAI 

NNN 

NNK 

NNN 1.0 ±0.1 

NNK 

NNAI 

1.2 ± 0.3 

0.4 ± 0.1 
6.5 ± 3.0 
0.7 ± 0.3 

4.5 ± 1.0 
21.9 ± 4.2 
4.3 ±1.9 

2.1 ± 0.4 12,s\ 2.3 

10.7 ± 2.2 3.0 ± 6-0 

6.9 ± 2.3 8.4 ± 2.9 

15.6 ± 4.3 
2.5 ± 0.8 

7.6 ± 2.3 

25.1 ± 8A 

142 ± 26 

1057 ± 211 

10 ± 4 

23 ±7 

5.7 ± 1,5 


w 


a 


Mean ± S.D NNN, (n . 
3 Sea Charts 1 and 2. 


4); NNK, (n - 4); NNAI, (n - 3). 


Milford, Mass.) connected in series. The elution program was Solvent 
A for 10 min followed by a linear gradient to 60% Solvent B in 60 min 
at a How rate 01 1 ml/min. Solvent A Was 60 ml of 1 M CF ,C0; H and 
24 ml of 1 M NaOH diluted to 1 liter. The pH was adjusted to 4.5 (NNN) 
or 6.0 (NNK and NNAI) with 1 m NaOH. Solvent 8 was CH 3 OH:H 2 0 
(1 ft). Mixtures of synthetic reference compounds dissolved in 10 jrl Of 
methanol were coinjected and used as UV markers. Radioactive me¬ 
tabolites were identified by coelution with the UV markers in the present 
study. The metabolite NNAI-N-oxide was further characterized by HPLC 
of the medium and collection of the radioactive metabolite eluting at 62 
to 66 ml. This radioactive metabolite coeluted with NNAI -N-oxide with 
a second solvent system. The markers had been characterized previ¬ 
ously by physicochemical methods (IS). Typical HPLC radiochroma¬ 
tograms have been included in previous communications (16, 23). 
Media from incubations ot[2'-0]NNN, fS'.5’-0)NNN, or(2'.5\5'-D)NNN 
with mouse lung were analyzed for Hydroxy Acid (Chart 1, Structure 
1S) by UV detection at 254 nm. 

Quantitation and Isolation of DNA. DNA in lung explant homoge¬ 
nates was quantitated by the diphenylamine method (5). For the as¬ 
sessment of potential binding of NNN, NNK, and NNAI to lung DNA, Ihe 
DNA was isolated from mouse peripheral lung explants using hydrox- 
ylapatite chromatography, essentially as described by.Meinke et at. 
(36) but with slight modifications. Briefly, after the incubation period, 
the explanls were washed twice with fresh medium and homogenized 
in 0.02 m Tris buffer, pH 7.8, containing 1 m NaCI, 0.5 my EDTA. and 
0.5% SDS. The homogenate was then treated with proteinase K (100 
fig/ml; Merck & Co., Inc.) tor 1 hr at 37°. followed by brief sonication 
(three 10-second pulses). Alter removal of lines, hydroxylapatitefDNA- 
grade Bio-Gel HTP; Bio-Rad Laboratories, Richmond, Calif.) was equil¬ 
ibrated in 0.24 m phosphate buffer, pH 6.8. containing 8 M urea, 1% 
SDS, and 0.01 m EDTA, and packed into disposable 6-ml polypropyl¬ 
ene columns (1 g/column) fitted with piastic filter discs (Quick-Sep; 
tsolab, Inc.). Alter application ot the sample, Ihe column was washed 
sequentially with 20 ml of the phosphate:urea.SDS:EDTA buffer and 
30 ml of 0.15 M phosphate buffer, pH 6.8. DNA was then eluted with 
0.4 m phosphate, pH 6.8, and quantitated using the diphenylamine 
method (5). 

RESULTS 

Carcinogenesis. The bioassay results are summarized in 
Table 1. Of particular interest was the observation that the 23 
mice of the NNK-treated group developed a total of 86S lung 
tumors. This total is 29 times higher (p < 0.0001) than that of 
the NNN-treated group and 2.5 times higher (p < 0.05) than 
that of the ethyl carbamate-treated group. The number of lung 
carcinomas was 41 times higher (p < 0.0001) in the NNK than 
in the NNN group. Adenomas and carcinomas of the liver were 
observed in one animal. Another mouse had one papilloma of 
the nasal cavity, 

NNAI, the carbonyl reduction product of NNK, induced 243 


lung carcinomas, a total which is 0.6 times less (p = 0.05) 
than that of the NNK group. However, the total numbers of lung 
tumors in these 2 groups were not significantly different (p > 
0.2). One papilloma ot the nasal cavity and one papilloma of 
the tongue were also observed. 

No neoplastic lesions of the trachea or esophagus were 
found in the present study. Bladder preneoplastic lesions in the 
NNK and NNAI-treated groups were not higher than those in 
the trioctanoin-treated group. The cellular morphology of hy¬ 
perplastic lesions of the nasal mucosa and trachea will be 
described elsewhere. 8 

In Vitro Metabolism. The metabolic pathways of NNN, NNK, 
and NNAI are shown in Charts 1 and 2. Levels of various known 
metabolites of NNN, NNK, and NNAI in cultured peripheral lung 
are given in Table 2. Analysis by reverse-phase HPLC indicated 
that 78% of radioactive compounds were identified in NNN 
metabolism; 82% were identified, in NNK metabolism; and 86% 
were identified in NNAI metabolism. The amounts of various 
NNK metabolites formed as a function of time are illustrated in 
Charts 3 and 4. No metabolic transformation of the nitrosam- 
ines occurred when the tissues were heated prior to culture or 
when the tissues were omitted from the culture dish. The ratios 
of the extents of formation of Hydroxy Acid 15 by 5'-carbon 
hydroxyiation of NNN and its deuterated analogues were as 
follows: NNN:[2'-D]NNN, 0.9; NNN:[5',5'-D]NNN, 3.2; NNN: 
[2',5',5'-D]NNN, 1.7. The small amount of Keto Acid 13 formed 
by 2'-carbon hydroxyiation of the nonradioactive deuterate- 
NNN analogues could not be determined with accuracy under 
these conditions. 

Autoradiographic Localization of Radiolabeled Nitrosa- 
mines. Lung expiants exposed to [ 3 H]NNN, I2'- ,4 C]NNN, and 
[1- 14 C]NNK showed a higher accumulation of autoradiographic 
grains over lung tissue than was present in the extracellular 
space or in the background. Terminal bronchiolar cells dis¬ 
played a much higher accumulation of grains within their cy¬ 
toplasm and nuclei than that seen in the surrounding lung 
parenchyma (Fig. 1). 

When DNA was isolated from ihe explants by hydroxylapatite 
chromatography, no covalent binding of [2'-’ < C]NNN, [1 - 1 '*C}- 
NNK. or [1- 14 C]NNAI could be demonstrated. For these 3 
compounds, the lower limit of detection of binding was 0.05 
pmol/fig DNA. The limit is based on a maximum of 100 y.g of 
purified DNA isolated from any sample and a minimum of 50 
dpm l4 C above background detected in any sample of purified 
ONA. 


8 K. Furuya. A. Rivenson, A. Castonguay, and S. S. Hectibjnanuscript in 
preparation. 
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Chart 3. Levels of NNK and NNAI as a function of time of culture of mouse 
peripheral tunfj with {1-'*CJNNK. Points, single determinations. •, NNK:0. NNAI. 
Extents of formation of minor metabolites are shown in Chart 4. 



Chart 4. Levels of minor metabolites of NNK as a function of time of culture 
of mouse peripheral lung with n-’^CJNNK. Points, sinflta daterminations. «, kato 
alcohol Structure 10; □, keto acid Structure 13; ■, Diol 14; A, hydroxy acid 
Structure 15; ▲. NNK-N-oxide Structure 17;0, NNAl-N-oxide Structure 16. 

DISCUSSION 

The first step in the activation of cyclic and acyclic nitros- 
amines to ultimate carcinogens is considered to be an a-carbon 
hydroxyiation mediated by the cytochrome P-450-dependent 
mixed-function oxidases (8, 34). Under physiological condi¬ 
tions, the reiatively unstable a-hydroxynitrosamine decom¬ 
poses to electrophilic species able to alkylate the genetic 
material, thus inducing miscoding during DNA replication (38). 
Other metabolic pathways could lead to the formation of ni- 
trosamines still carcinogenic but with different pharmacological 
properties, potency, ororganospecificity than that of the parent 
nitrosamine. NNN-1-N-oxide(Chart 1, Structure 1), 3'-hydroxy- 
NNN (Chart 1. Structure 3), and 4'-hydroxy-NNN (Chart 1, 
Structure 4) are metabolites which could be activated further 

MARCH 1983 



f ig 1 Autoradiogram of lung exprant cultured with ( 3 K]NNN. Generalized 
labeling throughout lung with more intense labeling in bronchiolar cells can be 
seen. Arrow, bronehiolar cells. 

by c-carbon hydroxyiation and contribute to the total carcino¬ 
genicity and organospecificity of NNN. in order to elucidate 
their respective roles and carcinogenicity, these 3 metabolites 
were compared to NNN in the lung adenoma assay. 

While the number of lung tumors induced by NNN and 4'- 
hydroxy-NNN (Chart 1, Structure 4) indicates that they have 
similar potency, the number of tumors induced by 3'-hydroxy- 
NNN (Chart 1, Structure 3) and NNN-1-N-oxide (Chart 1, 
Structure 1) was not significantly higher than that in the control 
group. This suggests that 3'-hydroxylation and pyridine N- 
oxidation, when they occur, contribute to some extent to the 
deactivation of the procarcinogen NNN. The role of these 3 
nitrosamines in the induction of lung adenomas in A/J mice by 
NNN woufd appear to be minimal, since only NNN-1-N-oxide 
was a metabolite of NNN in cultured peripheral lung, and its 
extent of formation was low. 

The A/J mouse lung adenoma assay has been used to 
determine the carcinogenic potency of a wide variety of chem¬ 
icals (42). The mode of activation of these carcinogens by 
cultured mouse lung has been investigated in few cases (1). 
Results shown in Table 2 indicate that mouse lung can effi¬ 
ciently metabolize NNN, NNK, and NNAI. In the case of. NNN, 
the Keto Alcohol (Structure 10) and the keto acid (Structure 
13) originating from 2'-carbon hydroxyiation accounted for 
17% of the starting amount of NNN added to the medium. The 
5'-carbon hydroxyiation of NNN to Hydroxy Acid (Structure 
15) represented 30% of the initial concentration of NNN. As- 

1227 


PM3001192235 


Source: https://www.industrydocuments.ucsf.edu/docs/nswk0001 








A. Castonguay &t al. 


suming that the metabolite interconversion in this study is 
similar to that observed previously in vivo or in cultured rat 
esophagus, 2'-hydroxylation of NNN is less extensive than is 
5'-hydroxylation in cultured mouse lung (1 6). The 2'-hydrox- 
ylation:5’-hydroxylation ratio of 0.6 for NNN observed in this 
study is comparable to the ratio of 0.7 found with cultured 
Syrian golden hamster trachea, but is lower than the ratio of 
3.3 found in cultured F344 rat esophagus (1 7). Considering 
that these 2 organs, like mouse lung, are target tissues of NNN. 
the 2'-hydroxylation:5'-hydroxylation ratio is not sufficient to 
predict the organ susceptibility to this nitrosamine. 

Carcinogenicity and mutagenicity assays of various symmet¬ 
rical nitrosamines labeled with deuterium in the a position have 
shown a lower potency than did unmodified nitrosamines (6, 9, 
26, 32). This isotopic effect was observed with nitrosamines 
that induced tumors in the liver (W-nitrosodimethylamine and 
W-nitrosomorpholine) or in other organs (N-nitroso-2,6-di- 
( Tiethylmorpholine and W-nitroso-W-methylcyclohexylamine) 
(30, 31). This decrease in the carcinogenicity was considered 
as an indication that the cleavage of the a-carbon-hydrogen 
bond is a rate-limiting step in the activation of the nitrosamines 
to DNA-alkylating species. However, a-carbon deuteration did 
not alter the potency of the esophageal carcinogen, 2,6- 
dimetbyldinitrosopiperazine, and methyl deuteration of /V-nitro- 
somethyl-n-buty famine was found to enhance its carcinogenic 
activity (29, 30). Rat liver microsomes have been shown to a- 
carbon hydroxylate [2' r 5',5'-D]NNN more slowly than they did 
NNN. The h- t/m..o ratios were 1.2 for 2'-carbon hydroxyl- 
ation and 2.4 for 5'-carbon hydroxyiation (7). In mouse periph¬ 
eral lung, the extent of 5’-carbon hydroxyiation is 1.7 to 3.2 
higher in NNN than in NNN deuterated in the 5' position. 
Although the results of this study suggest that deuterated NNN 
analogues are a-carbon hydroxylated somewhat less readily 
than are those of NNN, deuterium substitution did not modify 
the NNN carcinogenic potency (Tabie 1). 

Previous studies with F344 rats and Syrian golden hamsters 
have demonstrated a higher potency for NNK lhan for NNN 
(14, 23). In the present study, the carcinogenic activity of NNK 
( in A/J mice was found to be 14 times higher than was reported 
previously (12). We were not able to determine with certainty 
the reason for such a discrepancy, especially since the number 
of tumors induced by NNN and ethyl carbamate as well as the 
number of tumors in control groups are comparable in both 
studies. 

Unlike those in rats and hamsters, the nasal cavity mucosa 
of the mouse is relatively resistant to the induction of neoplastic 
lesions (41). Among nitrosamines, only the powerful carcino¬ 
gens, /V-nitrosodimethylamine and diethylnitrosamine, have 
been reported to induce neuroepitheliomas or carcinomas of 
the nasai cavity in mice (11, 25). Interestingly, 2 nasal cavity 
papillomas were observed in the NNK- and NNAI-treated ani¬ 
mals. 

In the metabolism of NNK by cultured mouse peripheral lung, 
about 60% ol the dose was converted in 24 hr to the more 
polar and somewhat less carcinogenic NNAI. Inspection of 
Chart 3 indicates that NNK is rapidly metabolized to NNAI by 
mouse lung. Both NNK and NNAI undergo a-carbon hydroxyl- 
atron. The 2 metabolites, Keto Alcohol (Structure 10) and Keto 
Acid (Structure 13), result from methyl or methylene hydrox¬ 
yiation of NNK and are formed to the extent of 11% in 24 hr. 
The formation of Diol 14 is higher from NNK than from NNAI, 


indicating that most of Diol 14 is also farmed via Keto Alcohol 
10 by initial a-carbon hydroxyiation of NNK. a-Carbon hydrox¬ 
yiation of NNAI gives Hydroxy Acid 1 5. The ratio 13.0 for Keto 
Alcohol 10 -i-Keto Alcohol 13 +Diol14:Hydroxy Acid 15 ob¬ 
served in the metabolism of NNK and the rapid conversion of 
NNK to NNAI suggest that NNK is more readily a-carbon 
hydroxylated than Is NNAI (Chart 4; Table 2). This is also 
supported by the relative amounts of the same metabolites 
formed in the metabolism of NNAI (Tabie 2). These results 
Suggest that conversion to NNK followed by a-carbon hydrox¬ 
yiation to intermediates 8 and 24 is an important determinant 
in the carcinogenicity of NNAI in mouse lung. The rates of 
formation of the N-oxide (Chart 4. structures 17 and 18) and 
their relative concentrations after 24 hr indicate that NNK is 
also a better substrate to the pyridine-/V-oxidizing enzyme 
system than is NNAI. 

The equilibrium NNK NNAI is reminiscent of the intercon¬ 
versions of the carcinogens aflatoxin B, and afiatoxicol and of 
W-nitrosamines having a 2-oxopropyl or 2-hydroxypropyl group 
(10, 33, 39, 40, 45). The position of this equilibrium in various 
tissues and species is likely to play a role in the organospeci- 
ficity and carcinogenic potency of these compounds. 

Whole-body autoradiography of C57BL and NMRI mice 
treated with NNN has shown a higher labeling of the bronchi 
than of the parenchyma suggesting a higher levei of activating 
enzymes in the bronchi (4). tn A/J mouse lung explants cul¬ 
tured with NNN and NNK, both tissues were labeled (Fig. 1). 
The higher accumulation of radioactivity observed in bronchio- 
tar cells suggests that the nitrosamine a-carbon-hydroxylating 
enzymes are more active in the bronchi, although the tumor 
nodules are most often situated below the visceral pleura (42). 
The present study did not consider the difference in metabolic 
ability of various pulmonary tissues or various types of cells. 

The reason for our failure to detect covalent binding of NNN, 
NNK, and' NNAI to peripheral lung DNA is not clear. It is now 
generally accepted that expression of carcinogenic activity of 
a compound is often associated with the covalent binding of its 
ultimate carcinogenic form to cellular macromolecules, in par¬ 
ticular DNA, of the target organ (37). This course of events, 
however, is not an absolute requirement for all carcinogens. 
We have previously shown that [2'-”C]NNN and [1-’ 4 C]NNK 
bind covalently to acid-insoluble macromolecuies of the ham¬ 
ster lung (23). In addition, intermediates such as 8, 9, and 24 
in the metabolism of NNN and NNK are known to have DNA- 
damaging properties (8, 18). While many carcinogens are 
positive in the A/J mouse lung adenoma bioassay (42), little 
data on the covalent binding of carcinogens to lung DNA of 
this strain are available. The covalent binding of 14 C-labeIed 
NNN, NNK, or NNAI to mouse lung DNA deserves further 
investigation with substrates of higher specific activity. 
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